Background: It is difficult to identify glaucoma in myopic eyes because the configuration of the optic disc varies; yet it is important clinically. Here, we used laser speckle flowgraphy (LSFG) to measure mean blur rate (MBR), representing optic disc microcirculation, and assessed its ability to identify glaucoma in eyes with myopic optic discs. Methods: 129 eyes (normal disc: 21 eyes; myopic disc: 108 eyes) were enrolled. The eyes were classified as normal or mildly, moderately, or severely glaucomatous with standard automated perimetry (SAP). We determined the relationship between optic nerve head (ONH) MBR, measured with LSFG, mean deviation (MD), measured with SAP, and circumpapillary retinal nerve fiber layer thickness (cpRNFLT), measured with optical coherence tomography (OCT). Results: ONH MBR and cpRNFLT decreased significantly with the severity of glaucoma. MBR was significantly correlated with cpRNFLT and MD (r =0.65 and r =0.63, respectively). A multiple regression analysis revealed that MBR and cpRNFLT were independent factors indicating glaucoma severity. A logistic regression analysis revealed that MBR and cpRNFLT were also independent factors indicating the presence of glaucoma. In a receiver operating characteristic (ROC) analysis, MBR and cpRNFLT could both differentiate between normal and glaucomatous eyes (MBR area under the ROC curve: 0.86, with a cut-off score of 24.0 AU). Conclusion: These results suggest that in addition to cpRNFLT, non-invasive and objective LSFG measurements of MBR may enable the identification of glaucoma and the classification of its severity in eyes with myopic optic discs.
Background
The presence of a myopic optic disc makes it difficult to detect glaucoma, yet such a diagnosis is very important because myopia is such a common ophthalmological disorder, particularly in Asia and Oceania, and because glaucoma is the second most common cause of blindness worldwide [1] [2] [3] [4] [5] [6] . The development of spectral domain optical coherence tomography (SD-OCT) has enabled ophthalmologists to quickly and easily measure the average thickness of the circumpapillary retinal nerve fiber layer (cpRNFLT). This has been reported in many studies to be a reliable way of detecting glaucoma, although standard automated perimetry (SAP) measurements of mean deviation (MD) of the visual field are still necessary, as they remain the standard method of diagnosing the disease. Glaucoma is characterized by the loss of retinal ganglion cells (RGCs) and their axons, which comprise the retinal nerve fiber layer (RNFL) [7] , but glaucomatous thinning of cpRNFLT is difficult to measure in eyes with myopic discs because of various confounding factors, such as disc deformation, tilted disc and peripapillary atrophy [5, 8] .
Recent innovations in laser speckle flowgraphy (LSFG) have allowed us to monitor changes in optic disc microcirculation, represented as mean blur rate (MBR), over time, at the same site and in the same eye. There have already been a limited number of reports that used MBR to evaluate blood flow [9] [10] [11] [12] . Decreased MBR has also been reported to be associated with the severity of glaucoma in studies that included eyes with myopic glaucomatous discs [11, 12] . Though the pathogenesis of glaucoma in eyes with myopic optic discs remains unclear, as it does in normal tension glaucoma, decreased ocular blood flow [13] , including optic nerve microcirculation, is considered to be a promising candidate, in addition to mechanical stress, oxidative stress and decreased axonal flow.
In this study, therefore, we hypothesized that glaucoma in eyes with myopic discs might be related to decreased microcirculation in the optic nerve head (ONH). To evaluate our hypothesis, we measured MBR in the ONH with LSFG and determined the correlation between MBR and the severity of visual field defects in eyes with myopic discs. We also determined the ability of LSFG examinations to identify glaucoma and classify its severity in these eyes. Thus, the purpose of this report was to evaluate the relationship between MD, cpRNFLT, and MBR in eyes with myopic discs.
Methods

Subjects
This case-control study comprised 108 eyes of 66 consecutive Japanese patients (M: F = 37: 29, mean age 54.3 ± 7.5 years) with myopic optic discs who visited Tohoku University Hospital in Miyagi, Japan from January 2009 to May 2010. Myopic optic discs were defined as being oval and temporally tilted with crescent peripapillary atrophy [6, 14] . Glaucomatous eyes were defined as those with glaucomatous optic neuropathy and a corresponding abnormal glaucomatous visual field according to the Anderson-Patella classification [15] . The criteria for an abnormal visual field included results outside the normal limits from a glaucoma hemifield test; the presence of a cluster of three or more non-edge points, all of which were depressed on the pattern deviation plot at a P < 5% level, with one depressed at a P < 1% level; and corrected pattern standard deviation with significance at a P < 5% level. SAP was performed with the Swedish interactive threshold algorithm (SITA)-standard strategy of the 30-2 program of the Humphrey field analyzer (HFA) (Carl Zeiss Meditec, Dublin, CA, USA). Reliability criteria for SAP included fixation errors < 20%, false-positives < 20%, and falsenegatives < 20%. The eyes were classified into four groups according to the presence of glaucoma and the progression of glaucomatous visual field defects: normal, as well as mild (mean deviation: MD > -6.0 dB), moderate (MD -6.0 to -12.0 dB), and severe glaucoma (MD < -12.0 dB). Twentyone eyes without myopic discs served as controls. Patients were excluded if they had ocular diseases other than open angle glaucoma or had systemic diseases affecting the visual field. The study was approved by the institutional review board of Tohoku University Graduate School of Medicine. Informed consent for the participation in the research was obtained from each patient and the research was conducted according to the provisions of the Declaration of Helsinki, 1995 (as revised in Edinburgh, 2000).
Measurement of clinical parameters
All subjects underwent a funduscopic examination. MD was measured with HFA, cpRNFLT was measured with 3D OCT-2000 (version 8.00; Topcon, Inc., Tokyo, Japan), and IOP was measured with Goldmann applanation tonometry. All patients rested in a darkened room for 10 minutes before the start of the examination. Systolic and diastolic blood pressures (SBP and DBP) were recorded, following which three measurements of ONH circulation were made with LSFG. Averages of the measurements were used for the statistical analysis. The use of systemic medications for blood pressure control or topical anti-glaucoma treatment was also recorded.
Mean blur rate in the optic nerve head
The pupils of each subject were dilated with 0.5% tropicamide and 0.5% phenylephrine hydrochloride. LSFG and blood pressure measurements were made after the subjects had rested for 10 minutes in a darkened room. In order to improve the consistency and reproducibility of the examinations, after each image was captured, the subjects briefly moved away from the device before repositioning themselves. The patient gazed at the fixation point of the device, at the center of their visual field, and the investigator was then able to control the eye's position by moving the fixation point. The center of the captured image was set at a point mid-way between the optic disc and the macula. The position of the subject's eye was saved by the capture software (LSFG Measure, version 6.64.00; Softcare Ltd., Fukutsu, Japan), enabling us to capture the same area in following examinations. When the image was not sufficiently focused, we instead used dark vertical lines on the live image. The parameters of MBR in optic disc used in this study were calculated by the equipped software (LSFG Analyzer, version 3.0.39.0, Softcare Ltd., Fukutsu, Japan). We determined the margin of the optic disc with a round rubber band. We then saved the position of each region of interest (ROI) in software, and reused it in subsequent analyses of the same patient.
Statistical analysis
A one-way analysis of variance or a chi-square test were used to determine the significance of differences between the groups. The Mann-Whitney U test was used for the MBR and cpRNFLT data for the groups. Spearman's rank correlation test was used to evaluate single correlations between variables (MBR and cpRNFLT, and MBR and MD). Multiple linear regression analysis was performed to determine the independent variables affecting glaucoma stage in eyes with myopic discs. Logistic regression analysis was performed to determine the independent variables contributing to glaucoma in eyes with myopic discs. The receiver operating characteristic curve (ROC) for MBR and cpRNFLT was plotted to determine the optimum cut-off point, and the area under the ROC curve (AUC) was calculated to determine the power of discrimination between eyes with normal visual fields and eyes with glaucoma. The ROC of MBR and cpRNFLT was compared statistically. These statistical analyses were performed with JMP software (Pro version 10.0.2, SAS Institute Japan Inc., Tokyo, Japan). The significance level was set at P < 0.05.
Results
Clinical characteristics
The analysis was based on 129 eyes (normal disc: 21 eyes; myopic disc: 108 eyes). Table 1 summarizes the characteristics of the eyes with normal and myopic optic discs. There were no significant differences in age, sex, SBP or DBP among any of the groups, including the normal eyes, but there were significant differences in IOP, spherical equivalent, MD, cpRNFLT and MBR. There were no significant differences in age, sex, SBP, DBP, hypertension medication, topical glaucoma medication or IOP among the myopic groups but there were significant differences in spherical equivalent, MD, cpRNFLT and MBR.
Relationship between MBR and other variables
ONH MBR and cpRNFLT were significantly lower depending on the presence and severity of glaucoma ( Figure 1 ). MBR was significantly correlated with cpRNFLT and MD (P < 0.001, r =0.65 and P < 0.001, r =0.63, respectively, Figure 2 ). A multiple regression analysis revealed that MBR and cpRNFLT were independent factors indicating glaucoma severity (P =0.009 and P < 0.001, respectively, Table 2 ). A logistic regression analysis revealed that MBR and cpRNFLT were independent factors indicating the presence of glaucoma (P =0.02 and P < 0.001, respectively, Table 3 ).
The ability of MBR and cpRNFLT to differentiate between normal and glaucomatous eyes with myopic optic discs
An ROC analysis ( Figure 3 ) showed that both MBR and cpRNFLT could differentiate between normal eyes with myopic optic disc and glaucomatous ones (MBR AUC: 0.86, with a cut-off score of 24.0 AU; cpRNFLT AUC: 0.91, with a cut-off score of 90.0 μm). The differentiation power of MBR and cpRNFLT was statistically similar (P =0.25). 
Discussion and conclusion
We set out to evaluate the feasibility of using LSFG measurements of ONH MBR to diagnose glaucoma in myopic eyes. The myopic eyes with and without glaucoma in our study did not show any significant differences in clinical characteristics other than in IOP, spherical equivalent and cpRNFLT, but we found that reductions in the ONH MBR of these eyes were significantly associated with the severity of glaucoma. A multiple linear regression analysis showed that both ONH MBR and cpRNFLT were contributors to the stage of glaucoma severity. Furthermore, we found that ONH MBR and cpRNFLT were also independent factors indicating the presence of glaucoma in eyes with myopic discs. Finally, an ROC analysis revealed that the AUC for MBR could accurately predict the presence of glaucoma. Its accuracy was statistically similar to that of cpRNFLT. It is well known that OCT measurements of cpRNFLT can identify the presence of glaucoma, and that cpRNFLT decreases with the severity of glaucoma [11, [16] [17] [18] [19] [20] . Our findings support these existing results, as well as results showing that MBR is correlated with MD and cpRNFLT in eyes with myopic discs [11] . Recent studies of ocular circulation suggest that the incidence and progression of glaucoma may be related to decreased perfusion [21] [22] [23] . Several large epidemiological studies have demonstrated that retinal arteriole and vessel narrowing is associated with a high incidence of glaucoma [24] [25] [26] [27] . Interestingly, Figure 1 Changes in MBR and cpRNFLT compared to disc type and severity of glaucomatous visual field progression. MBR decreased significantly, except between the moderate and severe stages of visual field (VF) loss. CpRNFLT also decreased significantly with every stage of the disease, except between the mild and moderate stages of VF loss.
Figure 2
Relationship between MBR and other clinical findings in eyes with myopic optic discs. MBR was significantly correlated with cpRNFLT and MD (P < 0.001, r =0.65 and P < 0.001, r = 0.63, respectively, Spearman's coefficient of correlation by rank).
the Blue Mountains Eye Study also showed that retinal arteriole narrowing is associated with a long-term risk of OAG [27] . Furthermore, there have been many fluorescein angiography (FA) studies of eyes with glaucoma showing that the size of the filling defect is correlated with the severity of glaucoma [28] [29] [30] [31] [32] [33] . However, FA examination is invasive, and the injection of fluorescein can cause severe complications, such as anaphylactic shock. The results can also be affected by time-dependent changes, making it difficult to quantify changes in ONH microcirculation clinically. There has thus been a need for a non-invasive method to measure ONH microcirculation. In response, a number of techniques using laser Doppler flowmetry have been used to demonstrate that ocular microcirculation decreases in glaucoma patients [34] [35] [36] , and now, a newer technology, LSFG, has allowed us to measure ocular circulation quickly and non-invasively, as well as quantify microcirculation in the optic disc, choroid, and retinal vessels [37] . The main measurement parameter of LSFG is MBR, a relative index of the velocity of erythrocytes [9, 38] , which has been reported to have high reproducibility in normal subjects as well as those with glaucoma [39] . Although MBR is a relative value, MBR and the results of MBR waveform analysis should be comparable between eyes [40] , as suggested by recent studies that demonstrated the correlation of MBR with absolute ocular blood flow values measured with the microsphere or hydrogen gas clearance methods [41, 42] .
Although OCT images of the cpRNFL can be a valuable source of indicators of glaucoma, the borderline of the disc is often unclear in myopic eyes because of the abnormal configuration of the disc. This makes automatic segmentation of the RNFL near the myopic disc prone to errors. In response, several studies have evaluated the diagnostic performance for glaucoma of measurements of macular ganglion cell complex (GCC) thickness, and have reported that its accuracy is similar to measurements of cpRNFLT, even in highly myopic eyes [43] [44] [45] . However, it has been demonstrated that the GCC is thin or absent in the fovea [43] , and automatic segmentation of these very thin, unclear retinal layers in the macula is again prone to errors, leading to inaccurate diagnoses. The advantage of LSFG measurements of MBR is that they can be accurately made regardless of the configuration of the disc due to the high transparency of the ONH and the nature of LSFG. We believe this explains the strength of the correlation between MBR and glaucoma severity in eyes with myopic discs. MBR measurements with LSFG, despite their simplicity, should therefore be useful clinically and be considered a candidate biomarker of glaucoma in eyes with myopic discs.
Interestingly, our study is the first to show a significant difference between eyes with normal discs and nonglaucomatous eyes with myopic optic discs. We found that only eyes with myopic optic discs had decreased optic nerve microcirculation. However, although the MBR in myopic eyes without glaucomatous visual fields was similar to normal eyes, we speculate that preperimetric glaucoma (PPG) may have been present in some of these myopic eyes, and that there may be a cut-off value for MBR indicating progression to PPG. Another interesting finding was that the relationship between MBR and MD changed when MBR fell below 25 AU, although MBR and MD were correlated overall. (Figure 2, right) . This indicates that the visual field was usually preserved with a mild decrease in optic disc microcirculation, but that a moderate or severe decrease could lead to either a severely impaired or relatively preserved visual field. Overall, however, MBR was closely correlated with cpRNFLT ( Figure 2 , left), indicating a close relationship between structure and microcirculation in eyes with myopic glaucoma. Thus, we believe that MBR undergoes decreases similar to those in cpRNFLT before visual field defects become apparent. Our cross-sectional study had several limitations. It included only a small number of myopic eyes (approximately 100). Since the LSFG measurements were taken from glaucoma patients who had not discontinued the use of antiglaucoma or hypertension medications, due to ethical considerations, we must note the possible impact of topical medications on MBR. Nevertheless, we did not find a significant difference in the number of topical glaucoma medications between the groups of patients with glaucoma. Regardless, the effects of topical anti-glaucoma medications on ONH circulation remain controversial. In particular, previous clinical studies reported that a number of topical prostaglandin analogues, as well as a combined topical therapy with a beta-antagonist and a carbonic anhydrase inhibitor, caused a significant increase in ONH circulation [46, 47] . On the other hand, there have also been studies that did not show that topical anti-glaucoma medications had any effect on ONH circulation [48, 49] . Topical anti-glaucoma medications also increase mean 24-hour diastolic ocular perfusion pressure (OPP), calculated from mean arterial pressure and IOP. The value of 24-hour OPP has been reported to be clinically relevant in glaucoma patients [50] [51] [52] . Additionally, eyes with myopic discs tend to have a range of IOP values, a phenomenon that could bias determinations of the correlation between structure/function and optic disc microcirculation. Furthermore, our results were obtained from only patients of Japanese ethnicity and cannot be directly applied to patients with other ethnic backgrounds, because of differing fundus pigmentation.
In conclusion, we found that LSFG measurements of MBR in the ONH were strongly correlated with MD and cpRNFLT in eyes with myopic optic discs. Furthermore, MBR was an excellent indicator of the presence of glaucoma in an ROC analysis, matching the accuracy of cpRNFLT. LSFG measurement of MBR may thus be useful as a non-invasive, objective evaluation of glaucoma in eyes with myopic optic discs. We believe that our data suggest that a simple MBR analysis of eyes with myopic discs may be of clinical use in identifying glaucoma and in making precise evaluations of its severity. Since optic nerve microcirculation in glaucomatous myopic eyes tends to decrease with the severity of glaucoma, replacing treatments aimed at reducing IOP with ones aimed at increasing optic nerve microcirculation may be of benefit to this category of glaucoma patients. Figure 3 Receiver operating characteristic curve for MBR and cpRNFLT in eyes with myopic optic discs. Among the eyes with myopic optic discs, MBR and cpRNFLT could both differentiate between eyes with and without glaucoma (MBR AUC: 0.86, with a cut-off score of 24.0 AU; cpRNFLT AUC: 0.91, with a cut-off score of 90.0 μm), statistically similar results (P =0.25).
